e Chronicity of hepatitis B virus (HBV) infection is due to the failure of a host to mount a sufficient immune response to clear the virus. The aim of this study was to identify small-molecular agonists of the pattern recognition receptor (PRR)-mediated innate immune response to control HBV infection. To achieve this goal, a coupled mouse macrophage and hepatocyte culture system mimicking the intrahepatic environment was established and used to screen small-molecular compounds that activate macrophages to produce cytokines, which in turn suppress HBV replication in a hepatocyte-derived stable cell line supporting HBV replication in a tetracycline-inducible manner. An agonist of the mouse stimulator of interferon ( 
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epatitis B virus (HBV) is a noncytopathic hepadnavirus that chronically infects more than 350 million people worldwide. The outcomes and pathogenesis of HBV infections are largely determined by the nature and magnitude of the host antiviral immune response (1) , which is generally related to the person's age at the time of infection. While over 95% of adult-acquired infections are spontaneously cleared within 6 months by a vigorous and polyclonal HBV-specific T cell response, more than 90% of exposed neonates and approximately 30% of children 1 to 5 years old develop a chronic infection (2, 3) , which is associated with a weaker and often barely detectable virus-specific T cell response.
Sustained suppression of viral replication by long-term nucleos(t)ide analogue therapy or through a finite duration of pegylated alpha interferon (IFN-␣) therapy has been associated with improvement of liver diseases, prevention of liver decompensation, and reduction of hepatocellular carcinoma morbidity and mortality (4, 5) . However, a "functional cure," characterized by normalization of liver function, HBV surface antigen (HBsAg) seroconversion, and durable immune control of HBV replication, is rarely achieved with the current therapies (6, 7) . Hence, the restoration of host innate and HBV-specific adaptive immune responses is essential for a functional cure of chronic HBV infection (8) .
Although hepatocytes are the primary host cells of HBV, hepatic nonparenchymal cells (NPCs) have been shown to play a critical role in the priming of effective HBV-specific antiviral immunity (9, 10) . For instance, it was demonstrated recently that activation of hepatic macrophages induces the expression of a distinct profile of cytokines/chemokines that regulate the priming of a successful immune response against HBV in the livers of mice (10) . It is therefore conceivable that pharmacological activation of Kupffer cells and/or intrahepatic dendritic cells with agonists of Toll-like receptors (TLRs) or other pattern recognition receptors (PRRs) may facilitate the intrahepatic priming of an anti-HBV immune response. In support of this hypothesis, it has been demonstrated recently in woodchucks and chimpanzees that administration of TLR7 agonists not only induced an innate cytokine response that suppresses HBV replication but also shaped the adaptive immune response to achieve durable control of HBV infection (11) . In addition, studies with HBV transgenic mice also demonstrated that activation of myeloid dendritic cells with an agonistic anti-CD40 antibody not only induced an intrahepatic cytokine response to control HBV replication (12, 13) but also restored HBV-specific, PD-1-mediated CD8 ϩ T cell exhaustion (14) .
Stimulator of IFN genes (STING) is the adaptor protein of multiple cytoplasmic DNA receptors and a PRR that recognizes the bacterial second messengers cyclic di-AMP (c-di-AMP) and c-di-GMP (15) . It was discovered recently that cytoplasmic DNA activates cyclic GMP-AMP synthase (cGAS) to produce cGAMP, which subsequently binds to STING and induces IFNs and other cytokines (16, 17) . The fact that STING can be activated by cyclic dinucleotides implies that, like TLR7/8, STING might be activated by other small molecules and thus be a potential target for pharmacological activation of the innate immune response, as well as priming of an adaptive immune response. Indeed, some previously identified flavonoid IFN inducers, including 10-(carboxymethyl)-9(10H)acridone (CMA) and 5,6-dimethylxanthenone-4-acetic acid (DMXAA), were recently identified as murine STING agonists (18, 19) . DMXAA (Vadimezan or ASA404) was initially developed as a vascular disrupting agent with antitumor activity partially through activation of natural killer (NK) cells and tumor-associated macrophages in various mouse models and has been evaluated in phase II clinical trials for treating cancers (18) . In studies reported here, we demonstrated that DMXAA activated a STING-dependent signaling pathway to induce a type I IFNdominant cytokine response in mouse macrophages, which efficiently suppressed HBV replication in cultured murine hepatocytes and in the livers of mice by reducing the amount of cytoplasmic viral nucleocapsids. Our work has thus validated STING as a valuable target for the immunotherapy of chronic hepatitis B, and the development of small-molecular human STING agonists as immunotherapeutics against chronic HBV infections is warranted.
MATERIALS AND METHODS
Cell culture. Murine macrophage cell line RAW264.7 (ATCC TIB-71) and GP2-293 cells (Clontech) were maintained in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum. AML12HBV10, an immortalized murine hepatocyte (AML12)-derived cell line supporting a high level of HBV replication in a tetracycline-inducible manner, was maintained as previously described (20, 21) .
Reagents. DMXAA, CMA, and 2,7-bis(2-[diethylamino]ethoxy)-9-fluorenone (tilorone) were purchased from Sigma-Aldrich. The TLR1/2 agonist Pam3CSK4, the TLR3 agonist poly(I:C), the TLR4 agonist lipopolysaccharide (LPS), and the TLR7 agonist Gardiquimod were from InvivoGen. Recombinant murine IFN-␣, interleukin-1 (IL-1), IL-6, and tumor necrosis factor alpha (TNF-␣) were from PBL InterferonSource. An antibody against the carboxyl-terminal 14 amino acids of the HBV core protein was described previously (21) . Antibodies against ␤-actin and mouse IFNAR-1 were obtained from Sigma-Aldrich and Santa Cruz Biotechnology, respectively. Antibodies against mouse STING, TBK1, S 172 -phosphorylated TBK1, IkB␣, p38, phosphorylated p38, JNK, phosphorylated JNK, ERK, and phosphorylated ERK, were purchased from Cell Signaling Technology. Plasmids pTmcs-HBV1.3 and pCMV-SB were kind gifts of Francis V. Chisari (The Scripps Research Institute, La Jolla, CA).
Analyses of HBV DNA, RNA, and nucleocapsids. HBV core DNA extraction from AML12HBV10 cells, Southern blot hybridization, and real-time PCR assays were done as described previously (21) . Total cellular RNA was extracted with TRIzol reagent (Invitrogen). HBV RNA was analyzed by Northern blot hybridization with an [␣-
32 P]UTP-labeled full-length minus-stranded RNA probe. HBV capsid and capsid-associated viral DNA were analyzed by native agarose gel electrophoresis, followed by transfer to a nitrocellulose membrane. HBV capsids were detected by probing the membrane with an antibody against HBV core protein, followed by visualization with the LI-COR Odyssey system. Capsid-associated DNA was detected by hybridization with radioactively labeled HBV riboprobe (21) .
Real-time qRT-PCR assays. For cytokine gene expression analysis, total RNA was extracted with TRIzol reagent. cDNAs were synthesized with SuperScript III (Invitrogen). Real-time quantitative reverse transcription (qRT)-PCR analysis was performed with a LightCycler 480 instrument II (Roche). Primer sequence information is available upon request.
Generation of a STING knockdown cell line. A plasmid expressing short hairpin RNA (shRNA) specifically targeting murine STING was constructed by inserting the following cDNA sequence into the pRS vector (Origene): TCAATCAGCTACATAACAACTCGAGTTGTTATGTAG CTGATTGA. A control plasmid expressing scrambled shRNA from the pRS vector was purchased from Origene. Packaging of vesicular stomatitis virus G protein-pseudotyped retroviruses into GP2-293 cells with pCMV/ VSV-G and a pRS vector-derived plasmid expressing scrambled shRNA or STING-specific shRNA was done essentially as reported previously (22) . RAW264.7 cells were transduced with pseudotyped retroviruses expressing each of the shRNAs as previously described (22) .
Antiviral efficacy of DMXAA in HBV DNA hydrodynamic mouse model. Ten-week-old female NOD/SCID mice were purchased from the Vital River Laboratory Animal Technology Co. Ltd. All experiments were conducted with Institutional Animal Care and Use Committee approval. To establish an HBV hydrodynamic model, 13.5 g of plasmid pTmcsHBV1.3 expressing 1.3mer HBV genome and 4.5 g of pCMV-SB expressing the Sleeping Beauty transposase were injected through the tail vein as previously described (23, 24) . To test the efficacy of DMXAA in vivo, at 7 days postinjection, mice were treated with either DMXAA (in phosphate-buffered saline with 7.5% sodium bicarbonate) at 25 mg/kg or the vehicle via intraperitoneal injection. Mice were sacrificed at 24 h after treatment. Intrahepatic HBV core DNA was extracted and quantified by with a real-time PCR assay. Intrahepatic total RNA was extracted, and the IFN-stimulated gene (ISG) OAS1b and viperin mRNAs were determined by real-time RT-PCR assay. The weights of individual mice were measured before and 24 h after treatment.
RESULTS
Establishment of a cell culture system for evaluation of PRR agonist-induced antiviral response against HBV. Unlike RIG-Ilike receptors that are ubiquitously expressed in many types of somatic cells, the expression of other PRRs, such as TLRs and cGAS, is usually restricted to macrophages, dendritic cells, and a few other cell types. For instance, because of the lack or low-level expression of TLRs in hepatocytes, direct treatment of hepatocytes with TLR agonists induces a negligible cytokine response. However, some hepatic NPCs, particularly Kupffer cells and dendritic cells, express high levels of TLRs (25, 26) . Hence, our strategy to achieve a "functional cure" of chronic HBV infection is to activate intrahepatic macrophages and/or dendritic cells with the agonist of TLRs or other PRRs, which should not only induce an antiviral cytokine response to suppress HBV replication in hepatocytes (26) (27) (28) but also promote the priming and activation of an HBVspecific adaptive immune response to ultimately control the virus infection (25, 26, 29) . Accordingly, we have developed a cell-based assay mimicking the intrahepatic environment to screen small-molecular PRR agonists for the treatment of chronic hepatitis B. Specifically, as depicted in Fig. 1A , mouse macrophages (RAW264.7) were treated with test compounds and the conditioned media of treated macrophages were then applied to immortalized mouse hepatocytes harboring HBV (AML12HBV10) to test the compound-induced antiviral cytokine response in macrophages. The assay system was first validated with known TLR agonists. As shown in Fig. 1B , while direct treatment of AML12HBV10 cells with the agonist of TLR1/2, TLR3, TLR4, or TLR7 did not apparently inhibit HBV DNA replication, treatment of AML12HBV10 cells with the conditioned media harvested from TLR agonist-treated macrophages (indirect treatment) effectively inhibited HBV DNA replication. The results thus confirmed and extended previous findings that, although they failed to directly activate an antiviral response in hepatocytes, TLR agonists induced macrophages to produce soluble factors that suppress HBV replication in hepatocytes (25, 29) .
DMXAA-induced antiviral response in macrophages suppressed HBV replication in hepatocytes. Using the assay system described above, we initially screened 75 flavonoids in the MicroSource compound collection (MicroSource Discovery Systems, Inc.) and identified a flavonoid, 7,2=-dihydroxyflavone, that demonstrated indirect, but not direct, antiviral activity against HBV (data not shown). Encouraged by this finding, we performed a literature search for additional flavonoids with IFN-inducing activity that revealed three compounds, tilorone, CMA, and DMXAA ( Fig. 2A) , that were identified as potent IFN inducers in mice several decades ago (30) (31) (32) . While tilorone neither directly nor indirectly inhibited HBV replication, both CMA and DMXAA demonstrated strong indirect anti-HBV activity in our assay system (Fig. 2B) . Interestingly, it was recently reported by several groups that both CMA and DMXAA are mouse STING agonists (18, 19, 33) . In support of this notion, we show in Fig. 2C that DMXAA, but not LPS, efficiently induces phosphorylation of STING in RAW264.7 cells. Consistent with the fact that AML12HBV10 cells express undetectable levels of STING (Fig.  2C) , direct treatment of these hepatocytes with DMXAA did not inhibit HBV DNA replication. However, the conditioned media harvested from DMXAA-treated RAW264.7 cells inhibited HBV DNA replication in mouse hepatocytes in a dose-dependent manner, with an estimated 50% effective dose (EC 50 ) of 10 M (Fig.  2D) . The cytotoxicity of DMXAA in both mouse macrophage (RWA246.7) and hepatocyte (AML12HBV10) cell lines has been tested under the conditions described for indirect and direct treatments by microscopic inspection and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide assay. No cytotoxic effect was observed at concentrations of up to 500 M DMXAA.
DMXAA-induced antiviral response reduced the amount of cytoplasmic HBV capsids. In order to map the HBV replication step(s) being inhibited by the DMXAA-induced antiviral response in macrophages, AML12HBV10 cells were treated for 2 days with conditioned media harvested from TLR agonist-or DMXAAtreated RAW264.7 cells. Under this experimental condition, covalently closed circular DNA (cccDNA) is undetectable and HBV replication is fully supported by pregenomic RNA transcribed from the integrated copy of the HBV genome in the host cell chromosome. The amounts of HBV mRNA, capsid protein, total capsids, and capsid-associated HBV DNA in the treated AML12HBV10 cells were detected by Northern blot hybridization, Western blot assay, native agarose gel-based viral particle assay, and Southern blot hybridization, respectively. As shown in Fig. 3 , the antiviral response induced by DMXAA, and to lesser extents by TLR1/2 and TLR3 agonists, in macrophages posttranscriptionally reduced the amounts of HBV capsid protein and, to a greater extent, the assembled capsids (Fig. 3A to C) . Consequently, the amounts of HBV DNA replication intermediates were also decreased ( Fig. 3D and E ). This antiviral mechanism is similar to that observed in AML12HBV10 cells treated with IFN-␣ or IFN-␥, which reduced HBV nucleocapsids by accelerating their decay (21) . These results thus support the hypothesis that both STING and TLR agonist-induced antiviral responses against HBV in macrophages may be primarily mediated by IFNs (25, 26) .
DMXAA induced a distinct profile of cytokine responses in macrophages. To characterize the cytokine response induced by DMXAA, we first compared the signaling pathway activated and cytokine profiles induced by DMXAA, as well as three representative TLR agonists, in RAW264.7 cells. As shown in Fig. 4 , only DMXAA, and not the TLR1/2, TLR7, TLR3, and TLR4 agonists, induced STING phosphorylation, which was detectable in cells treated with DMXAA for more than 30 min. However, DMXAA and all of the TLR agonists tested efficiently induced the phosphorylation of TBK1, a kinase essential for IRF3 phosphorylation and induction of IFN-␤ in both the STING and TLR pathways. Also, as expected, DMXAA and all of the TLR agonists tested induced degradation of IB␣. Interestingly, while the activation of all three mitogen-activated protein kinase (MAPK) pathways, as demonstrated by the increase in phosphorylated p38␣, JNK, and ERK, was evident as early as 15 min in the cells treated with any one of the four TLR agonists, activation of the MAPK pathways was delayed and only became detectable at 90 min after DMXAA treatment.
The cytokine profiles induced by DMXAA and TLR agonists in RAW264.7 cells were determined by qRT-PCR assays. DMXAA induced approximately 100-fold more IFN-␤ mRNA expression than the TLR1/2, TLR3, or TLR7 agonist did at 2 h posttreatment (Fig. 5A) . On the contrary, compared to DMXAA, the three TLR agonists tested generally induced stronger proinflammatory cytokine (Fig. 5B to F) and chemokine (Fig. 5G) expression. The weaker cytokine response induced by DMXAA might be due, at least in part, to its slower and weaker activation of MAPK pathways.
DMXAA-induced cytokine and antiviral responses were STING dependent. We have thus far demonstrated that DMXAA treatment of RAW264.7 cells activated STING and induced an antiviral cytokine response to suppress HBV replication in mouse hepatocytes. In order to further determine the role of STING in the DMXAA-induced antiviral cytokine response, we established RAW264.7-derived stable cell lines expressing either scrambled shRNA or shRNA specifically targeting mouse STING mRNA. Reduction of STING mRNA and protein expression in the cells expressing STING-specific shRNA was validated by qRT-PCR (Fig. 6A) and Western blot assay (Fig. 6B) , respectively. DMXAAinduced, but not LPS-induced, TBK1 activation was significantly compromised in RAW264.7 cells expressing STING mRNA-specific shRNA (Fig. 6B) . Moreover, DMXAA-induced IFN-␤ expression in RAW264.7 cells where STING expression was partially knocked down by shRNA (Fig. 6C) and its indirect antiviral activity against HBV in AML12HBV10 cells (Fig. 6D) were significantly attenuated. Taken together, these results and those presented above collectively support the notion that DMXAA does not directly inhibit HBV replication in hepatocytes but induces a STING-dependent cytokine response in mouse macrophages and acts indirectly on hepatocytes to suppress HBV replication.
Type I IFNs were the primary mediators of the DMXAA-induced antiviral response against HBV. Among the DMXAA-induced cytokines in macrophages, we have demonstrated previously that treatment of AML12HBV10 cells with type I IFN potently inhibits HBV replication (21) . To determine the role of type I IFNs and other cytokines in the DMXAA-induced antiviral response against HBV, we first examined if blockade of the type I IFN response with a monoclonal antibody specifically recognizing the type I IFN receptor would attenuate the antiviral activity induced by DMXAA in macrophages. As expected, blockade of the type I IFN receptor in AML12HBV10 cells significantly reduced the antiviral response induced by IFN-␣ (Fig. 7A) . Treatment of AML12HBV10 cells with the type I IFN receptor antibody also significantly attenuated the antiviral response induced by conditioned media from DMXAA-treated RAW264.7 cells (Fig. 7B) , suggesting that type I IFNs are likely to be the primary mediators of the DMXAA-induced antiviral response against HBV. To determine the role of other cytokines in the DMXAA-induced antiviral response, we tested the antiviral effects of IL-1, IL-6, and TNF-␣ and demonstrated that only TNF-␣ inhibited HBV DNA replication and thus may also play a role in the DMXAA-induced antiviral response against HBV (Fig. 7C) . This result is consistent with the fact that anti-TNF therapy of rheumatoid arthritis, inflammatory bowel diseases, and psoriasis reactivates HBV infection in inactive carriers and suggests that TNF-␣ plays an important role in the immune control of HBV infection in humans (34) .
DMXAA inhibits HBV replication in mice. To further validate the antiviral effects of DMXAA in vivo, NOD/SCID mice were hydrodynamically injected with an HBV 1.3mer plasmid to establish HBV replication in hepatocytes. As shown in Fig. 8A , singledose DMXAA treatment produced a 1.3-log reduction in intrahepatic HBV core DNA, compared to that of the vehicle-treated control group, at 24 h after treatment. In agreement with the anticipated antiviral mechanism, the expression of representative ISGs, such as those for OAS1b and viperin, was significantly induced in the livers of DMXAA-treated animals ( Fig. 8B and C) .
Noticeably, the average body weight of DMXAA-treated mice was reduced by approximately 8% (data not shown), which may indicate the side effect of the DMXAA-induced cytokine response and could be used as a surrogate marker for STING agonist-induced pharmacological and toxicological responses in vivo.
DISCUSSION
Hepatocytes are the primary, if not the only, host cells of HBV (35) . Although the liver is generally considered an organ with unique immune regulatory functions favoring the induction of immune tolerance rather than immunity, the vast majority of adulthood HBV infection is able to induce a sufficient immune response to resolve the infection (36) . Evidence accumulated in recent studies suggests that both the unique hepatic microenvironment and liver-resident cells, including both hepatocytes and NPCs, actively modulate immune responses locally in the liver and thereby determine the outcome of hepatic immune responses (4, 9, 10) . As the host cells of HBV, hepatocytes not only produce antigens that induce adaptive immune responses and molecular patterns that activate innate immunity but are also the target cells of host innate and adaptive immune responses against HBV. Particularly, it has been convincingly demonstrated in woodchuck hepatitis virus-infected woodchucks and HBV-infected chimpanzees that, in addition to killing virus-infected hepatocytes by vi- rus-specific cytotoxic T lymphocytes (37) (38) (39) , cytokine-mediated antiviral immunity is able to noncytolytically cure HBV-infected hepatocytes (27, 28, 40) . Pharmacological induction of such an intrahepatic cytokine response is thus one of the ideal curative approaches to chronic hepatitis B (8) . Unlike IFN therapy, therapeutic induction of the intrahepatic antiviral cytokine response not only avoids the side effects of systematic application of IFN-␣ but also suppresses HBV infection via coordinated actions of multiple cytokines (Fig. 7) , which may be essential for more efficient immune control of HBV infection and achievement of a functional cure (8) .
Moreover, while liver-resident NK cells and NKT cells have been shown to restrict HBV infection in vivo (41) (42) (43) , accumulating evidence suggests that liver-resident macrophages (Kupffer cells) and dendritic cells play essential roles in the priming and activation of the host adaptive immune response to HBV by shaping intrahepatic lymphoid organization, antigen presentation, expression of costimulating cell surface proteins, and secretion of inflammatory cytokines (4, 9, 10). Although the mechanism by which HBV fails to induce a sufficient immune response in chronic carriers remains to be elucidated, it is conceivable that intrahepatic activation of the TLR response or the STING pathway in liver sinusoidal endothelial cells, Kupffer cells, and/or dendritic cells may promote the priming and activation of an anti-HBV adaptive immune response, as well as induce an antiviral cytokine response (44, 45) . These effects not only suppress HBV replication but also reduce the viral antigen load through the suppression of cccDNA transcription (46) or even promotion of cccDNA decay (47, 48) , which may attenuate the T cell exhaustion and favor the restoration of the HBV-specific T cell response.
Indeed, we demonstrated in this study that activation of TLRs, as well as STING, in macrophages by their cognate agonists induced strong antiviral cytokine responses to potently suppress HBV replication in hepatocytes. However, detailed characterization of the antiviral cytokine responses induced by TLR and STING agonists revealed distinct characteristics. Consistent with its strong activation of TBK1 and delayed activation of MAPK pathways (Fig. 4) , DMXAA induced a cytokine response in macrophages that was dominated by IFN-␤ (Fig. 5) and demonstrated a more potent antiviral activity against HBV in hepatocytes (Fig.  3) . Accordingly, if only considering the property of inducing a noncytolytic antiviral cytokine response, intrahepatic activation of the STING pathway seems to be superior to the activation of TLR pathways. This is because STING agonists induce not only a more potent antiviral response but also a less proinflammatory cytokine response, which may result in less inflammation and tissue damage. However, whether STING or TLR agonists more efficiently prime and activate an HBV-specific adaptive immune response in the liver can only be evaluated in vivo in chronically HBV-infected animals, such as HBV transgenic mice, adeno-associated virus vector-mediated HBV-transduced mice, or recently developed humanized mice with human immune system and liver cells that are susceptible to HBV infection (49) (50) (51) . Encouragingly, it was shown recently that activation of the cGAS-STING pathway did boost antigen-specific T cell activation and antibody production in mice (52) .
Nevertheless, our studies have convincingly demonstrated that STING is a potential target for immunotherapy of chronic hepatitis B. Similar to immunotherapies with TLR agonists, which are limited by the side effects of systematic activation of cytokine responses (11, 53, 54) , systematic administration of STING agonists, despite the weaker induction of proinflammatory cytokines, may also induce detrimental effects. In principle, this obstacle could be circumvented by targeted activation of the STING pathway in liver macrophages or other NPCs through liposomal delivery of STING agonists, which are cleared from the circulation primarily by Kupffer cells (55) .
